A universal and unquestioned characteristic of eukaryotic cells is that the genome is 9 divided into multiple chromosomes and encapsulated in a single nucleus. However, the 10 underlying mechanism to ensure such a configuration is unknown. Here we provide evidence 11 that pericentromeric satellite DNA, which is often regarded as junk, is a critical constituent of the 12 chromosome, allowing the packaging of all chromosomes into a single nucleus. We show that 13 the multi AT-hook satellite DNA binding proteins, D. melanogaster D1 and mouse HMGA1, 14 play an evolutionarily conserved role in bundling pericentromeric satellite DNA from 15 heterologous chromosomes into 'chromocenters', a cytological association of pericentromeric 16 heterochromatin. Defective chromocenter formation leads to micronuclei formation due to 17 budding off of interphase nucleus and cell death. We propose that chromocenter and satellite 18
Introduction 22
Satellite DNA is AT-rich, non-coding, repetitive DNA that is abundant in centromeric 23 and pericentromeric heterochromatin. Unlike centromeric satellite DNA, whose function in 24 kinetochore formation and thus chromosome segregation is well established (Willard, 1990; Sun 25 et al., 1997; 2003) , the role of pericentromeric satellite DNA remains obscure: although function 26 for a few satellite DNA repeats has been implied in certain cellular processes such as meiotic 27 segregation of achiasmatic chromosomes, X chromosome dosage compensation and formation of 28 lampbrush-like loops on the Y chromosome during male meiosis (Yunis and Yasmineh, 1971;  29 Dernburg et al., 1996; Bonaccorsi et al., 1990; Menon et al., 2014) , a unifying theme for 30 pericentromeric satellite DNA function remains elusive. Moreover, highly divergent satellite 31 DNA sequences even among closely-related species has led to the idea that satellite DNA does 32 not serve a conserved function and is mostly a selfish element or junk (Doolittle and Sapienza, 33 1980; Walker, 1971) . Pericentromeric satellite DNA repeats are proposed to be sources of 34 genomic instability, as their misexpression is associated with the formation of genotoxic R-loops 35 and DNA damage (Zeller et al., 2016; Zhu et al., 2011; Zeller and Gasser, 2017) . Most studies on 36 pericentromeric heterochromatin have focused on the mechanisms to repress satellite DNA, and 37 accordingly, a rationale for the very existence of pericentromeric satellite DNA is still lacking. 38 39 Cytologically, it is well documented that pericentromeric satellite DNA from multiple 40 chromosomes is clustered into chromocenters in interphase nuclei in diverse eukaryotes 41 including Drosophila, mouse and plants ( Figure 1A ) (Pardue and Gall, 1970; Fransz et al., 42 2002) . While multiple factors such as epigenetic modifications and transcription of repetitive 43 DNA from pericentromeric DNA sequences are known to be required for chromocenter 44 formation (Probst et al., 2010; Hahn et al., 2013; Bulut-Karslioglu et al., 2012; Peters et al., 45 2001; Pinheiro et al., 2012) , the ultimate consequences of disrupted chromocenter formation has 46 never been addressed, leaving the function of chromocenters unknown. 47 48 In this study, we explored the role of pericentromeric satellite DNA/chromocenters by 49 studying multi-AT-hook proteins, D1 from Drosophila melanogaster and HMGA1 from mouse. 50 D1 and HMGA1 are known to bind specific pericentromeric satellite DNA, and we show that 51 4 these proteins are required for chromocenter formation. When chromocenters are disrupted in the 52 absence of these proteins, cells exhibited a high frequency of micronuclei formation, leading to 53 DNA breakage and cell death. We show that micronuclei are formed during interphase, by 54 budding off the nucleus. We further show that D1 binding to target DNA sequence is sufficient 55 to bring it to chromocenter. High-resolution imaging revealed chromatin threads positive for 56 D1/HMGA proteins and satellite DNA that connect heterologous chromosomes. Taken together, 57 we propose that chromocenter formation via bundling of satellite DNA from heterologous 58 chromosomes functions as a mechanism to encapsulate the full complement of the genome into a 59 single nucleus, and that satellite DNA is a critical constituent of the chromosome, serving an 60 evolutionary conserved role.
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The multi-AT-hook proteins, Drosophila D1 and mouse HMGA1, bind satellite DNA and 64 localize to chromocenters. 65 D1 in Drosophila melanogaster and HMGA1 in mouse are multi-AT-hook proteins, 66 which are known to bind the Drosophila {AATAT} n satellite DNA (~8% of the Drosophila male 67 genome) and mouse major satellite DNA (~6% of the mouse genome), respectively (Levinger 68 and Varshavsky, 1982b; a; Rodriguez Alfageme et al., 1980; Lund et al., 1983; Goodwin et al., 69 1973) . The{AATAT} n satellite is distributed across 11 loci on multiple chromosomes as 70 visualized by DNA FISH on mitotic chromosome spreads ( Figure 1B ) (Jagannathan et al., 2017) . 71 However, it is typically clustered into a few foci in Drosophila interphase nuclei, colocalizing 72 with D1 protein ( Figure 1C ). The D1/{AATAT} n foci stained positively for H3K9me2 in 73 interphase nuclei ( Figure 1C ), a well-established characteristic of constitutive 74 heterochromatin/chromocenters (Guenatri et al., 2004) . Consistently, D1 localization on the 75 mitotic chromosome spread showed its localization near the centromere marked by Drosophila 76 CENP-A, Cid ( Figure 1D ). These results suggest that D1 is a chromocenter-localizing protein, 77 via its binding to the {AATAT} n satellite DNA. The mouse HMGA1 protein was originally identified as an abundant non-histone 80 component of mammalian chromatin (Goodwin et al., 1973; Lund et al., 1983) with subsequent 81 studies demonstrating its binding to satellite DNA (Strauss and Varshavsky, 1984; Radic et al., 82 1992) . Mouse major satellite, which is present in pericentromeric regions of all chromosomes 83 ( Figure 1E ) (Lyon and Searle, 1989) , clustered into DAPI-dense chromocenters positive for 84 HMGA1 protein ( Figure 1F, Figure 1 D1 and HMGA1 are required for organizing chromocenters 92 We next examined the effects of D1 mutation and siRNA-mediated knockdown of 93 HMGA1 on chromocenters. We used two D1 alleles, D1 LL03310 and D1 EY05004 , which we show to 94 be protein null alleles, evidenced by near-complete loss of anti-D1 antibody staining ( We also examined the requirement for HMGA1 in mouse chromocenter formation. Loss of D1/HMGA1 leads to micronuclei formation. 110 To explore the function of chromocenters and satellite DNA, we examined the effects of 111 D1 mutation/HMGA1 knockdown, which showed strikingly similar phenotypes. We found that 112 D1 mutation as well as siRNA-mediated HMGA1 knockdown in multiple mouse cell lines 113 resulted in a significant increase in micronuclei formation ( ). Therefore, we first examined a possible defect in nuclear envelope integrity in D1 mutant. 119 We found that loss of D1 led to breaching of nuclear envelope both in major and micronuclei, 120 visualized by the cytoplasmic leakage of nuclear GFP (nlsGFP) ( Figure 2G -I), suggesting that 121 nuclear envelope integrity might be generally compromised. Consistently, we observed 122 mislocalization of nuclear envelope proteins in D1 mutant spermatogonia. We frequently 123 observed that lamin often surrounded the nucleus incompletely in D1 mutant (1.9% in control 124 (n=52) and 68.9% in D1 mutant (n=58)) ( Figure 2J , K, arrows indicate lamin-negative regions on 125 the nuclear membrane). We also observed cytoplasmic 'holes', which resemble the nucleus in 126 that they exclude cytoplasmic proteins such as Vasa ( Figure 2K It has been shown that defects in nuclear envelope integrity can lead to extensive DNA 137 damage in the major nucleus and micronuclei (Raab et al., 2016; Denais et al., 2016; Zhang et 138 al., 2015; Crasta et al., 2012; Hatch et al., 2013) . Nuclear envelope defects and extensive DNA 139 damages there in lead to catastrophic chromosomal breaks/rearrangements termed 140 chromothripsis (Crasta et al., 2012; Hatch et al., 2013) . Such catastrophic DNA 141 breaks/rearrangements are speculated to lead to tumorigenesis (Hatch and Hetzer, 2015) . Micronuclei formation in D1 mutant/HMGA1 knockdown cells is due to budding from 157 nucleus during interphase. 158 It has been shown that micronuclei form by lagging chromosomes (Crasta et al., 2012) . 159 Thus, we examined whether D1 mutation/HMGA1 knockdown resulted in mitotic chromosome 160 segregation errors, causing micronuclei formation. However, we did not observe an increase in been appreciated (Burdick, 1976; Takayama, 1975; Kuznetsova et al., 2007) . , 1990) , the non-coding nature and lack of conservation in repeat sequence among closely 226 related species led to the idea that they are mostly junk DNA, serving no essential function 227 (Doolittle and Sapienza, 1980; Walker, 1971) . Instead, we propose that satellite DNA is a critical 228 constituent of eukaryotic chromosomes to ensure encapsulation of all chromosomes in interphase 229 nucleus. Our results may also explain why the sequences of pericentromeric satellite DNA are so 230 divergent among closely related species, a contributing factor that led to their dismissal as junk. Hoechst 33342 for 10 minutes, rinsed with PBS and fresh medium was added to the chamber. 347 Cells were imaged using a stage-top Tokai-Hit incubator that was mounted on an inverted TCS 348 SP5 confocal microscope with a 63x oil immersion objective (NA = 1.4). All images were 349 processed using Adobe Photoshop software. 37°C. For mitotic chromosome spreads, testes and larval 3 rd instar brains were squashed 361 according to previously described methods (Larracuente and Ferree, 2015) . Briefly, tissue was 362 dissected into 0.5% sodium citrate for 5-10 minutes and fixed in 45% acetic acid/2.2% 363 formaldehyde for 4-5 minutes. Fixed tissues were firmly squashed with a cover slip and slides 364 were submerged in liquid nitrogen until bubbling ceased. Coverslips were then removed with a 365 razor blade and slides were dehydrated in 100% ethanol for at least 5 minutes. After drying, 366 hybridization mix (50% formamide, 2x SSC, 10% dextran sulfate, 100 ng of each probe) was 367 applied directly to the slide, samples were heat denatured at 95°C for 5 minutes and allowed to 368 hybridize overnight at room temperature. Following hybridization, slides were washed 3 times 369 for 15 minutes in 0.2X SSC and mounted with VECTASHIELD with DAPI (Vector Labs). For 370 the in situ experiment described in Figure 4j -m, testes were dissected into PBS and fixed in 4% 371 formaldehyde for 4 minutes. Tips of fixed testes were firmly squashed with a cover slip and 372 slides were submerged in liquid nitrogen until bubbling ceased. Coverslips were removed with a 373 razor blade and slides were subjected to 5-minute washes in 2XSSC and 2XSSC with 0.1% 374 Tween-20. The samples were denatured in freshly made 0.07N NaOH for 5 minutes, rinsed in 375 15 2X SSC. Hybridization mix (50% formamide, 2x SSC, 10% dextran sulfate, 100 ng of each 376 probe) was added directly to the slide and allowed to hybridize overnight at room temperature. 377 Following hybridization, slides were washed 3 times for 15 minutes in 0.2X SSC and mounted 378 with VECTASHIELD with DAPI (Vector Labs). The following probes were used for Drosophila 379 in situ hybridization: {AATAT} 6 , {AAGAG} 6 , IGS and have been previously described. LacO Drosophila. Genetics. 197:653-665. doi:10.1534/genetics.114.162941. 401 Bauerly, E., S.E. Hughes, D.R. Vietti, D.E. Miller, W. McDowell, and R.S. Hawley. 2014. 402 Discovery of supernumerary B chromosomes in Drosophila melanogaster. Genetics. 
